The electrochemical properties of montelukast sodium (MKST) at zinc oxide nanoparticles modified carbon paste electrode were investigated by cyclic voltammetry and square wave voltammetry. All studies were based on the irreversible and adsorption-controlled electrochemical reduction signal of montelukast sodium at about -0.7 vs. Ag/AgCl at pH 2.3 in methanol-Britton-Robinson buffer mixture. This adsorptive character of the molecule was used to develop a novel, validated, rapid, selective and simple square wave cathodic adsorptive stripping voltammeric method for the direct determination of montelukast sodium in pharmaceutical and biological fluids without time-consuming steps prior to drug assay. Peak current of electrochemical reduction of montelukast sodium was found to vary linearly with the concentration in the range from 1.0 × 10 -8 to 1.28 × 10 -6 mol L -1 . In this method, limit of detection was found to be 7.7 × 10 -9 mol L -1 . The method was applied to determine the content of MKST tablet and spiked human serum.
Introduction

Montelukast sodium (MKST), {the sodium salt of 2-[1-[[(1R)-1-[3-[2-(7-chloroquinolin-2-yl)ethenyl] phenyl]-3-[2-(2-hydroxypropan-2-yl)phenyl]propyl]sulfanylmethyl]
cyclopropyl]acetic acid}, is a potent and selective antagonist of the cysteinyl leukotriene receptor used for the treatment of chronic asthma and allergic rhinitis. 1, 2 Its empirical formula is C 35 H 36 ClNO 3 S and its structural formula is presented in Figure 1 . MKST is freely soluble in ethanol, methanol, and practically insoluble in acetonitrile and water. 3 The different analytical techniques reported so far for the determination of MKST in pharmaceutical formulations or in biological samples include capillary electrophoresis, 4 high performance liquid chromatography (HPLC), 5 high performance thin layer chromatography (HPTLC), 6 potentiometric titration 7 and spectrophotometry. 2 However, all these methods have several limitations. Spectrophotometric methods are generally limited by their low sensitivity or interference from metabolites and other drugs or specificity in mixture analysis, while chromatographic methods often suffer from tedious and time-consuming derivatization procedures and expensive apparatus. Titrimetric methods show lack of selectivity and high limit of detection when compared with modern separation techniques such as HPLC or capillary electrophoresis. In addition, poor quantitative reproducibility limits the practical implementation of capillary electrophoresis separations in chemical analysis. 8 Therefore, a fast, simple, low cost, accurate, precise and sensitive method is very important especially for routine analysis of MKST in its tablets and human body fluids. Compared with above mentioned analytical methods electroanalytical methods have many advantages, in pharmaceutical analysis due to instrumental simplicity, short analysis time, low cost, high sensitivity, wider linear range, lower detection limit and portability. Therefore, they have been used for determination of a wide range of 
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J. Braz. Chem. Soc. 850 pharmaceuticals. 9 However, available literature indicates that only a few electrochemical methods have been reported for the determination of MKST in tablets and spiked human plasma. [10] [11] [12] [13] Gülcemal et al. 10 reported the electrochemical reduction and determination of montelukast by cyclic voltammetry (CV) and differential pulse voltammetry (DPV) at chitosan modified carbon paste electrode (CPE). Heli et al. 11 reported the synthesis of nickel hydroxide nanopetals through one-pot hydrothermal synthesis in the presence of arginine and used this nanopetals to modify CPEs. These modified CPEs were used for the electrocatalytic oxidation and sensitive determination of montelukast. The authors investigated the electrocatalytic oxidation and determination of montelukast by using CV and amperometric methods, respectively. Alghamdi 12 reported an adsorptive stripping voltammetric (AdSV) method of MKST on the hanging mercury drop electrode (HMDE). Alsarra et al. 13 investigated the voltammetric behavior of montelukast using CV, direct current differential pulse polarography (DPP) and alternating current polarography. However, there has been a growing concern about the use of mercury, as an electrode material in voltammetry due to its toxicity.
14 Thus, it is important to develop new methods for the determination of MKST based on solid electrodes.
CPEs have been widely used for electroanalytical applications since their introduction by Adams 15 in 1958. These electrodes offer the advantages of low background current, low cost of fabrication and ease of modification. 16 Nanomaterials are a broad class of materials that can be made to exhibit novel and significantly improved physical, chemical and biological properties because of their small dimension. The use of metal and metal oxide nanoparticles was reported to improve the performance characteristics of the electrochemical methods. [17] [18] [19] Among different nanomaterials, the zinc oxide (ZnO) nanoparticles possess an important place due to their unique properties such as high specific surface area, optical transparency, high catalytic efficiency, strong adsorption ability, bio-compatibility, nontoxicity, chemical stability, ease of fabrication, fast electron transfer kinetics and electrochemical activities. 20, 21 The use of ZnO nanoparticles in carbon paste electrodes is a promising approach to enhance the performance of electrochemical methods. 22, 23 This study describes the development of a simple, reliable and sensitive square wave cathodic adsorptive stripping voltammetric method (SWCAdSV) based on ZnO nanoparticles modified carbon paste electrode (ZnO-NP-CPE) for the accurate and precise determination of MKST and its application in pharmaceutical preparations and biological fluids. -3 g of montelukast in 100 mL of methanol using a bath sonicator. The calibration solutions were prepared by diluting the stock solution with a mixture of MeOH and Britton Robinson (BR) buffer in a volume ratio of 50:50 as solvent-supporting electrolyte mixture. The solubility of montelukast sodium was not satisfactory when the ratio of methanol was lower than 50%. Thus, volume ratio of 50:50 was selected as optimum. The pH values of these solutions were adjusted using 0.2 mol L -1 NaOH solutions. All MKST solutions were protected from light and used within a day to avoid photochemical decomposition.
Experimental
Apparatus
All voltammetric measurements such as CV and square wave voltammetry (SWV) were carried out using a Drop Sens µstat 400 electrochemical analyzer (DRP-STAT400, Lianera, Spain). A three electrode cell system incorporating a modified carbon paste electrode (CPE) with 3 mm diameter as working electrode (BAS MP-5023), platinum wire as an auxiliary electrode (BAS MW 1034) and Ag/AgCl electrode (3.0 mol L -1 KCl) as reference electrode (BAS MF 2052, West Lafayette, USA) were used in all experiments. All pH measurements were performed using Thermo Orion Model 720A pH-ion meter with an Orion combined glass pH electrode (912600, Waltham, USA). Ultrapure water (18.2 MΩ cm) was obtained from ELGA Purelab Classic water purification system (USA). All data were obtained at room temperature.
Preparation of modified CPE
ZnO-NP-CPE was composed of 12.5 mg graphite powder, 2.5 mg ZnO-NP and 10 µL paraffin oil. The Vol. 27, No. 5, 2016 modified electrode was prepared by hand-mixing graphite powder with the nanoparticles and then adding paraffin oil and thoroughly mixing for approximately 30 minutes to form homogeneous modified CP. The paste was placed into the bottom of the working electrode body and the electrode surface was polished with a weight paper to have a smooth surface. The electrode was washed with distillated water and working buffer between measurements.
Preparation of montelukast samples from tablets
Montelukast
® tablets containing MKST (10 mg per tablet) manufactured by Fako were used as the pharmaceutical dosage form. Ten tablets were weighed, powdered finely and mixed in a mortar. The average mass per tablet was determined and then the powder equivalent to one tablet was weighed and transferred to a 100.0 mL calibrated flask containing about 50 mL of methanol. The contents of the flask were sonicated for 30 min to achieve dissolution of MKST. After solution step, the content of flask was centrifuged at 1500 rpm for 30 min. An amount of 1.0 mL of sample from the clear supernatant liquor was withdrawn and quantitatively diluted to 100.0 mL with MeOH. This solution was kept at refrigerator and given the name stock tablet solution. Sufficient volumes (such as 0.05, 100, 300, 500 µL) from stock tablet solution were transferred to electrochemical cell containing 10.0 mL of BR buffer-MeOH mixture, pH was adjusted to desired value and performed determination of MKST in tablets using the calibration curve method.
Analysis of serum samples
Serum sample, obtained from healthy individuals was stored frozen until assay. After gentle thawing, 1.0 mL aliquot volumes of serum was added to electrochemical cell containing 10.0 mL of solvent supporting electrolyte mixture and then sufficient volumes (such as 0.01, 0.02, 0.025, 0.03 mL) from stock MKST solution were transferred to this cell. After deareation with nitrogen, measurements were performed to determine MKST content of cell using the calibration curve method.
Voltammetric procedure
In all voltammetric studies, 10.0 mL of MKST solution in MeOH-BR (1:1) mixture were placed into the electrochemical cell at each time. Electrode connections were adjusted and then cell content was deoxygenated with purified nitrogen (99.99% purity) for 1 min before the first run and 30 s between all individual successive runs. After
Results and Discussion
The electrochemical behavior, diffusion and adsorption properties of MKST were studied using CV and SWV. The cyclic voltammograms of MKST at pH 2.3 at bare CPE and ZnO-NP-CPE are presented in Figure 2 . In CV studies, a single well defined reduction peak was observed at a potential of -0.62 and -0.70 V at bare CPE and ZnO-NP-CPE at pH 2.3, respectively (Figure 2 ). There was no peak when a blank MeOH-BR (1:1) solution was scanned at the same conditions. The high peak increased linearly with increasing concentration of MKST. Therefore, it can be concluded that this cathodic reduction peak is due to a reduction of MKST molecules on the bare CPE and ZnO-NP-CPE electrode. As can be seen from Figure 2 , there is no anodic peak at reverse scan, indicating that the electrode reaction is totally irreversible. The reduction peak of MKST was higher at ZnO-NP-CPE when compared to bare CPE. This enhanced peak current indicate an enhanced electron transfer rate for MKST at ZnO-NP-CPE. Thus, ZnO nanoparticles were considered to be a suitable modifier for the electrochemical determination of MKST. The electrochemical characterization of CPE and ZnO-NP-CPE was carried out by means of electrochemical impedance spectroscopy (EIS). The semicircle portion at high frequencies corresponds to the electron transfer limited process, and the linear portion at low frequencies corresponds to the diffusion process. The diameter of the semicircles is equal to the electron transfer resistance at the electrode surface. 24 The R ct of CPE was much larger than ZnO-NP-CPE indicating that charge transfer resistance of the electrode surface decreases and the charge transfer rate increases by employing ZnO-NP-CPE. The results confirmed that presence of ZnO-NPs in CPE matrix had great improvement on the electrochemical response, which was partly due to excellent characteristics such as good electrical conductivity, high chemical stability and high surface area.
The influence of the potential scan rate (υ) on the cathodic peak current (ip,c) was investigated for 2. Figure 4A ). The linear relationship between peak current and scan rate confirms an adsorption controlled mechanism. This relationship indicates that diffusion mechanisms are involved in the electrochemical reaction. Also a plot of the log ip,c versus the logarithm of the υ was studied. The equation for the log ip,c versus υ (V s -1 ) was found to be log (ip,c) = 0.67 log n + 1.49 with R 2 = 0.984. (Figure 4B ). The value of the slope is between the theoretical value of 1.0 for adsorbed species and 0.50 for a diffusion-controlled mechanism. Results of all these experimental investigations suggests that electroreduction of MKST molecules on the ZnO-NP-CPE electrode is mainly controlled by diffusion with some adsorption contribution.
In electrochemical studies, pH is one of the variables that commonly and strongly influences the electrochemical behavior of molecules. Therefore, the electrochemical behavior of MKST was studied as a function of pH in the pH range of 2.3-6.0. As can be seen from the SW voltammograms in Figure 4 , the potential of the cathodic peak (Ep,c) shifts linearly to more negative values with increasing pH which can be expressed by the following equation: Ep,c(V) = 0.055pH + 0.54 with R 2 = 0.9915 ( Figure 5 ; inset). The experimental value of the slope of this curve was found to be about 55 mV per unit pH in the studied pH range. The slope is very close to the theoretical value of 59 mV per unit pH required under assumption of the 2e -/2H + or 4e -/4H + process 25, 26 of the electroreduction of MKST. Based on the literature, the equation 1 was used to find the ratio of the number of protons to the number of electrons (∂/n) in the electrode mechanism: . Inset: (A) curve of peak current versus scan rate; (B) curve of logarithm of peak current versus logarithm of scan rate. (C=C), it can be concluded that the R-CH=CH-R1 group of MKST is reduced to R-CH 2 -CH 2 -R1 according to the following reaction mechanism (Scheme 1). 12 
Electrochemical determination of MKST
In addition to pH, peak current, peak shape, peak symmetry, linearity range and solubility of MKST are important parameters. The effect of pH on both the peak current and the peak shape was discussed in the previous sections. Peak current, peak shape and peak symmetry were taken into account and a pH value of 2.3 was selected as the optimum value ( Figure 5 ). In the present study, electrochemical assay of MKST was presented with adsorptive techniques to achieve lower limits of detection than the values in the reported references. 28 For this purpose, the instrumental parameters and experimental conditions such as deposition time and deposition potential were optimized to develop an assay method for determination of MKST at pH 2.3. In stripping method, the influence of the deposition time on the peak height for 1.0 × 10 -6 mol L -1 MKST was examined at different deposition times over the range from 15 to 150 s. The resulting peak current increases with the increase of the deposition time from 15 to 90 s; then, begins to decrease with increasing deposition time.
The value of the peak current is higher when the deposition time is 90 s, however the peak has a wider shape than the peak at 60 s. As a result, optimum deposition time was selected to be 60 s for MKST. The influence of the deposition potential (from 0.0 to -0.5 V) on the SWCAdSV signal was studied for 1.0 × 10 -6 mol L -1 MKST solution.
The dependence of the peak current on the deposition potential displayed a decrease at more negative potentials after 0.0 V. The maximum peak current in the deposition step was observed for the deposition potential of 0.0 V in SWCAdSV method. Calibration curves were plotted by using eight standard MKST solution in the range of 1.0 × 10 -8 -5.0 × 10 -6 mol L -1
to establish the working concentration range of MKST in SWCAdSV. For each concentration, three reproducible measurements were made and the mean of these measurements was used to plot the calibration curve ( Figure 6 ). The characteristics of the calibration plots were summarized in Table 1 . Result of concentration studies showed that the average peak current of reduction peak changes linearly with MKST concentration in the range from 1.0 × 10
). Application of method to dosage form and biological samples MKST determination in pharmaceutical dosage forms was investigated by using the calibration curve method. This study has also been performed using standard addition method. However, the results of both standard addition and calibration curve method were similar. Thus, the results of the latter were discussed. The results of analysis found using the proposed method for pharmaceutical preparations and spiked human serum are given in Table 2 . It can be seen that average recovery values are in good agreement with RSD values less than 5%, which is good evidence for the validity of the method. It can be seen from Table 2 that the mean recoveries and RSD values are in the range of 101.10-104.46% and 2.43-3.88, respectively. These results indicate that the content of MKST in the pharmaceuticals and biological fluids can be safely determined by using the proposed voltammetric method without interference from other substances in the samples after a simple dilution step. The performance of the method was also assessed by calculation of t exp -values using experimental results and the nominal value. The results recorded in Table 2 showed that the t exp -values did not exceed the t critical values. It can be concluded that there is no difference between the results of the presented method and the nominal value or spiked amount at a confidence level of 95%.
Validation of the method
Validation of an analytical method is the process by which it is established that the performance characteristics of the method meets the requirements for the intended analytical applications. The elements required for method validation are: linearity range, limits of detection and quantitation, accuracy, reproducibility, stability, selectivity and robustness. 29 Results of working concentration range studies were given in early section and shown in Figure 6 ), respectively. Both LOD and LOQ values confirmed that the proposed method could be used to determine the MKST content of highly diluted biological samples such as serum and urine.
The accuracy of measurements by means of the described procedure was checked by calculating the recovery of a known concentration of MKST following the proposed method at optimum instrumental and experimental conditions. Recovery values ranged between 103.29 and 104.46% for the tablet analysis, and they were found to be between 101.10 and 101.34% for serum analysis (Table 2) . From these recovery values, it is concluded that the proposed method is highly accurate. The high sensitivity of an analytical method is usually accompanied by a very good reproducibility. This analytical performance was evaluated from three repeated measurements of electrochemical signal of different MKST solutions following the proposed method. The precision of the proposed procedure is excellent because the relative standard deviation of recovery values ranges between 2.43 and 3.88% for all measurements, including tablets and serum samples ( Table 2 ).The stability of MKST in the BR buffer of pH 2.3 was evaluated under the optimal procedural conditions monitoring the changes in both the cathodic peak potential and the cathodic peak current of standard MKST solution. Relative standard deviations of peak current and peak potentials for three series of measurements were found to be 3.0 and 0.08%, respectively ( Table 1) . As a result, no significant change in peak potential and peak current confirms the stability of MKST over the time period of measurements. Table 3 compares the characteristics of electrochemical methods developed for the determination of MKST with the presented method. According to data in this table, the presented method has shown to have good operating characteristics such as low detection limit, wider linear range and good recovery. Among the carbon paste based methods for MKST presented method shows the best analytical characteristics.
Conclusions
In this study, electrochemical determination of MKST in pharmaceutical formulations and human serum was studied on ZnO-NP-CP electrode with CAdSV method for the first time, to the best of our knowledge. Incorporating ZnO nanoparticles into carbon paste matrix improved the analytical characteristics of the purposed method such as LOD, LOQ and linear working range. The method developed here provides a sensitive, fast, cost-effective, high throughput and simple approach to the determination of MKST in tablet dosage forms, and spiked human serum sample. Furthermore, when applied to tablet and serum samples, the proposed method offers the advantage of no requirement of prior extraction procedure. 
